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Regulated relocalization of signaling and trafficking proteins is crucial for the control of many cellular
processes and is driven by a series of domains that respond to alterations at membrane surfaces. The first
examples of these domains—conditional peripheral membrane proteins—included C1, C2, PH, PX, and FYVE
domains, which specifically recognize single tightly regulatedmembrane components such as diacylglycerol
or phosphoinositides. The structural basis for this recognition is nowwell understood. Efforts to identify addi-
tional domains with similar functions that bind other targets (or participate in unexplained cellular processes)
have not yielded many more examples of specific phospholipid-binding domains. Instead, most of the
recently discovered conditional peripheral membrane proteins bind multiple targets (each with limited spec-
ificity), relying on coincidence detection and/or recognizing broader physical properties of the membrane
such as charge or curvature. This broader range of recognition modes presents significant methodological
challenges for a full structural understanding.Introduction
Numerous protein domains or modules drive functionally impor-
tant membrane recruitment of their ‘‘host’’ proteins by recog-
nizing key features of the membrane surface (Lemmon, 2008).
These domains are peripheral membrane proteins. Some are
constitutively membrane associated. Others are highly regu-
lated, and may be thought of as ‘‘conditional peripheral mem-
brane proteins.’’ It could be argued that this class of membrane
proteins is one of the most straightforward for structural study.
This is true for the domains themselves, but understanding how
they bind membrane surfaces remains a major challenge. In
this article, we review what is known about defined globular
membrane-association domains for which there is clear struc-
tural understanding. We then discuss ongoing efforts to iden-
tify new conditional peripheral membrane proteins/domains.
Although initially described examples recognize single well-
defined binding targets, several more recently identified do-
mains must engage multiple binding targets simultaneously
to drive membrane association or instead recognize poorly
defined physical characteristics of membranes. As the field
progresses, it is increasingly clear that these domains have
evolved to bind biological membranes themselves, and not
their constituent lipids or other components. This creates signif-
icant challenges for studying the structural basis of subcellular
targeting by these domains, which will require the development
of new methods.
Domains that Bind Stereospecifically to Membrane
Lipids
Discovery of Stereospecific Phosphoinositide-Binding
Domains
During the 1990s, two overlapping classes of conditional periph-
eral membrane proteins with specific lipid recognition properties
were identified:Struc1) Those that are spatially restricted: selectively binding
lipids found only in specific subcellular compartments.
2) Those that are temporally restricted: specifically recog-
nizing lipids that are generated only transiently (in cell
signaling) or requiring the presence of another signaling
molecule (such as Ca2+) for membrane binding.
The first conditional peripheral membrane proteins described
were the conserved C1 and C2 regulatory regions from protein
kinase C (PKC), which together ‘‘decode’’ diacylglycerol (DAG)
and calcium signals to recruit PKC to the plasma membrane
and promote its activation (Oancea and Meyer, 1998).
Phosphoinositides became known as binding targets for
conditional peripheral membrane proteins in the 1990s (Janmey,
1995). Phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2),
which accounts for1%of inner leaflet phospholipid inmamma-
lian cell plasma membranes, is well known to regulate cytoskel-
etal organization and is rapidly turned over in response to
numerous different signals (Di Paolo and De Camilli, 2006).
PtdIns(4,5)P2 associates with the actin regulatory proteins gelso-
lin (Janmey and Stossel, 1987) and profilin (Lassing and Lind-
berg, 1985), reducing the affinity of both proteins for monomeric
actin and thus promoting nucleated actin polymerization. In
1994, certain pleckstrin homology (PH) domains were found to
bind PtdIns(4,5)P2 (Harlan et al., 1994), and this was soon
extended to other phosphoinositides (Di Paolo and De Camilli,
2006). Subsequently, two distinct domains were identified that
bind the endosomal phosphoinositide PtdIns3P. These were
the FYVE (for Fab1, YOTB, Vac1, EEA1) domain (Kutateladze,
2006) and the PX (for Phox homology) domain (Seet and Hong,
2006), with the first reports appearing respectively in 1998 and
2001.
Thus, between 1995 and 2001, successive examples
were rapidly identified of domains that specifically recognizeture 20, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 15
Figure 1. Domains that Stereospecifically Recognize Phospholipid Headgroups
Cartoon representations of seven domains that stereospecifically recognize their lipid targets. Top row: the PLC-d1 PH domain bound to Ins(1,4,5)P3 (Ferguson
et al., 1995); the PX domain of p40phox bound to dibutanoyl PtdIns3P (Bravo et al., 2001); and a coiled coil-mediated dimer of the EEA1 FYVE domain bound to
Ins(1,3)P2 (Dumas et al., 2001). PDB codes are 1MAI, 1H6H, and 1JOC respectively. Bottom row: epsin ENTH domain bound to Ins(1,4,5)P3 (Ford et al., 2002);
tubby C-terminal domain bound to 1-glycerophosphoryl-Ins(4,5)P2 (Santagata et al., 2001); PKCdC1 domain bound to phorbol-13-myristate (Zhang et al., 1995),
and the PKCa C2 domain bound to dicaproyl-phosphatidylserine and calcium ions (Verdaguer et al., 1999). PDB codes are 1H0A, 1I7E, 1PTR, and 1DSY
respectively. Ligands and residues involved in stereospecific recognition are shown in stick representation in the zoomed views. Asterisks mark regions
proposed to penetrate the membrane surface. Zn2+ ions are shown as green spheres, and Ca2+ ions as yellow spheres.PtdIns(4,5)P2, PtdIns(3,4,5)P3/PtdIns(3,4)P2, or PtdIns3P. This
cemented the function of phosphoinositides as signaling mole-
cules, recognized by conditional peripheral membrane proteins
that serve as phosphoinositide ‘‘effectors.’’ Efforts were also
spurred to identify new effector domains, with the appealing
notion that they translate a cellular ‘‘phosphoinositide code’’ (Ku-
tateladze, 2010), including the ‘‘orphan’’ phosphoinositides
PtdIns(3,5)P2 (Dove et al., 1997) and PtdIns5P (Rameh et al.,
1997), as well as PtdIns4P. The additional anticipated domains
have been notoriously difficult to identify. Indeed, it remains
unclear whether PtdIns(3,5)P2 and PtdIns5P have bona fide
effectors (Lemmon, 2008). Domains that bind PtdIns4P have
been identified, but most are not selective (Levine and Munro,
2002). In fact, very few new specific phosphoinositide binding
domains have been uncovered since 2000. Instead, a range of
modules has been uncovered that recognize broader features
of membrane surfaces, and combinations of potential targets.
How this recognition is achieved, and what its consequences
are for membrane structure and function, remains unclear in16 Structure 20, January 11, 2012 ª2012 Elsevier Ltd All rights reservmany cases, and will require challenging structural analysis of
membrane/protein complexes.
Structural Views of Intracellular Conditional Peripheral
Membrane Proteins that Specifically Recognize Lipid
Headgroups
Figure 1 shows crystal structures of seven classes of domain that
stereospecifically recognize the headgroup of their lipid-binding
partners. In each example, it was possible to crystallize a
complex between the domain and a short-chain variant of the
target lipid or its isolated headgroup.
PH Domains
The PHdomain of PLCd1 (Ferguson et al., 1995) provided the first
structural view of how a conditional peripheral membrane protein
can associate with membrane surfaces by binding specifically to
a phosphoinositide headgroup. The PLCd1 PH domain binds
10-fold more strongly to the free PtdIns(4,5)P2 headgroup
(Ins[1,4,5]P3) than to the lipid in a membrane context (Lemmon
et al., 1995). As shown in Figure 1, the PLCd1 PH domain—likeed
Figure 2. PH Domains Recognize Vicinal Phosphate Pairs
From left to right are shown Ins(1,4,5)P3 bound to PLCd-PH (Ferguson et al., 1995); Ins(1,3,4,5)P4 bound to the DAPP1 PH domain (Ferguson et al., 2000); and two
phosphate groups bound to DAPP1-PH (Ferguson et al., 2000), from PDB entries 1MAI, 1FAO, and 1FB8. Each PH domain is identically oriented, and the view is
centered on the inositol phosphate-binding site. Strands b1 and b2 of the PH domain aremarked, as are phosphate groups and key basic side chains that interact
with them. The two vicinal phosphates that lie in a common location in these and all other high-affinity PH domains are marked with asterisks.all PH domains—adopts a 7-stranded b sandwich structure, with
one of its splayed corners capped by a C-terminal a helix. The
headgroup binding site lies at the other splayed corner, defined
primarily by the loop that connects strands b1 and b2 (see
Figure 2). A basic sequence ‘‘motif’’ in this loop forms a ‘‘plat-
form’’ for headgroup binding: KXn(K/R)XR. The first lysine
projects from strand b1 (K30 in PLCd1-PH), and the last arginine
projects from strand b2 (R40 in PLCd1-PH) to create binding sites
for two phosphate groups as shown in Figure 2. The distance
between these sites precisely matches that between two vicinal
phosphates on an inositol ring (the 4- and 5-phosphates of
Ins(1,4,5)P3 in PLCd1 or the 3- and 4-phosphates of Ins(1,3,4,5)
P4 bound to DAPP1-PH), suggesting that PH domain ligands
must have two vicinal phosphates. Indeed, this is consistent
with the fact that no PH domain has been identified that specifi-
cally recognizes PtdIns3P, PtdIns(3,5)P2, or PtdIns4P, which all
lack a vicinal phosphate pair. All PH domains that contain
the KXn(K/R)XR motif bind phosphoinositides (Yu et al., 2004).
This sequence is also retained in more complete motifs or algo-
rithms that predict PH domain binding to PtdIns(3,4,5)P3 and
PtdIns(3,4)P2 (Isakoff et al., 1998; Lietzke et al., 2000; Park
et al., 2008) and can be rationalized structurally (Ferguson
et al., 2000; Lietzke et al., 2000).
The SMART database (Letunic et al., 2009) lists 329 dif-
ferent PH domains in 284 human proteins. Among those with
the KXn(K/R)XR motif, 40 were predicted or shown to bind
PtdIns(3,4,5)P3/PtdIns(3,4)P2 (Park et al., 2008). In humans,
only PH domains from PLCd relatives specifically bind
PtdIns(4,5)P2 (Lemmon, 2008). A few additional PH domains
with the KXn(K/R)XR motif bind phosphoinositides with little or
no stereospecificity, although the structural basis for this is not
yet clear. There is an additional set of PH domains that bind
‘‘noncanonically’’ to phosphoinositides and lack the KXn(K/R)
XR motif. These include the ArhGAP9, Tiam1, and spectrin PH
domains (Ceccarelli et al., 2007; Hyvo¨nen et al., 1995) as well
as the GLUE domain from yeast Vps36p (Teo et al., 2006), which
has a PH domain fold ‘‘split’’ by a large insertion between strands
b6 and b7. Each of these PH domains binds phosphoinositide
headgroups (with limited stereospecificity) on the oppositeStrucface of the b1/b2 loop from that seen for PLCd1-PH and
DAPP1-PH in Figure 2 (Lemmon, 2008). A recent description of
phosphoserine bound to the evectin-2 PH domain also showed
a different location for an anion binding site on a PH domain
(Uchida et al., 2011), although neither the affinity nor specificity
of this PH/phosphoserine interaction is clear. It is important to
note that data from Saccharomyces cerevisiae suggest that the
majority of PH domainsmay not bind phosphoinositides (Gallego
et al., 2010; Yu et al., 2004), arguing that other lipid or protein
targets should be sought.
PX Domains
PX domains contain an N-terminal three-stranded b-meander
that abuts a C-terminal a-helical subdomain (Seet and Hong,
2006). In the crystal structure of the p40phox PX domain bound
to dibutanoyl-PtdIns3P (Bravo et al., 2001), the phosphoinositide
monomer lies in a positively charged pocket between these two
structural elements (Figure 1). A limited number of conserved
basic residues form hydrogen bonds with the headgroup,
consistent with a modest affinity (KD 5 mM) for the monomeric
dibutanoyl PtdIns3P. In addition, two tyrosines contact the
inositol ring and glycerol backbone respectively. Association of
the PX domain with PtdIns3P-containing membranes appears
to be strengthened substantially by involvement of the mem-
brane interaction loop marked with an asterisk in Figure 1. Resi-
dues in this loop show substantial NMR chemical shift changes
upon binding to PtdIns3P-containing micelles (Cheever et al.,
2001), and monolayer or micelle insertion studies of PX domains
indicate that this loop promotes binding by penetrating the
membrane (Seet and Hong, 2006).
PX domains are found in 42 different human proteins (Letunic
et al., 2009), the majority being sorting nexins (SNXs) involved in
the retromer complex that directs retrograde trafficking of Golgi
resident proteins from endosomes to the transGolgi. Although all
S. cerevisiae PX domains appear to prefer PtdIns3P, there are
reports of distinct phosphoinositide specificities for several
mammalian examples that can be rationalized structurally based
on the arrangement of basic side chains in the binding site (Seet
and Hong, 2006). Interestingly only 4 of the 15 S. cerevisiae
PX domains bind to PtdIns3P with high (micromolar range KD)ture 20, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 17
affinity. The ‘‘weak’’ PtdIns3P binders appear to rely on protein
oligomerization to increase avidity of membrane binding, or
cooperation with adjacent BAR domains (see below), both being
important mechanisms for membrane assembly of the retromer
complex.
FYVE Domains
FYVE domains are zinc fingers of 70 amino acids that also
bind specifically to PtdIns3P (Kutateladze, 2006), and occur
30 times across 29 human proteins (Letunic et al., 2009). As
shown in Figure 1 (top right), each FYVE finger comprises two
b-hairpins plus a small C-terminal a helix, and is held together
by two tetrahedrally coordinated Zn2+ ions (Misra and Hurley,
1999). A conserved basic motif (RR/KHHCR) in the first b strand
defines a shallow positively charged pocket for PtdIns3P
binding, and all but two of the direct hydrogen bonds seen
between the PtdIns3P headgroup and the FYVE domain involve
residues in this motif (Dumas et al., 2001; Kutateladze, 2006).
Although FYVE domains bind specifically to PtdIns3P, they
bind the monomeric lipid (or headgroup) rather weakly (Dumas
et al., 2001). High-affinity binding to PtdIns3P-containing mem-
branes requires insertion of hydrophobic side chains and/or
dimerization of the FYVE domain-containing protein to en-
hance avidity (Kutateladze, 2006). A long N-terminal helical
extension from the early endosome antigen-1 (EEA1) FYVE
domain, for example, drives coiled coil-mediated dimeriza-
tion of this domain, allowing high-avidity multivalent FYVE
domain-mediated binding to the membrane surface (Dumas
et al., 2001).
ENTH Domain
The 140 amino acid epsin NH2-terminal homology (ENTH)
domain, found in nine different human proteins (Letunic et al.,
2009), consists of a superhelical solenoid of a helices (Figure 1).
The epsin ENTH domain binds the PtdIns(4,5)P2 headgroup in
a well-defined pocket that is only seen following ligand binding
(Ford et al., 2002). The amphipathic ‘‘helix 0’’ (marked with
an asterisk in Figure 1), adjacent to the inositol phosphate
headgroup, is unstructured in the absence of bound ligand
(Hyman et al., 2000). It becomes ordered upon PtdIns(4,5)P2
binding and penetrates the membrane to promote membrane
curvature (Ford et al., 2002).
Tubby Domains
The 260 amino acid C-terminal domain from the transcription
factor tubby has shown promise alongside PLCd-PH as a probe
for monitoring cellular PtdIns(4,5)P2 (Szentpetery et al., 2009).
Tubby displays PtdIns(4,5)P2-dependent plasma membrane
association, and its C-terminal domain binds PtdIns(4,5)P2-
containing membranes in vitro (Santagata et al., 2001; Szentpe-
tery et al., 2009), greatly preferring membrane-embedded
PtdIns(4,5)P2 over free Ins(1,4,5)P3, by contrast with PLCd-PH.
Tubby also fails to distinguish PtdIns(4,5)P2 from PtdIns(3,4)P2
or PtdIns(3,4,5)P3 (Santagata et al., 2001). A crystal structure
of the tubby C-terminal domain bound to a PtdIns(4,5)P2
headgroup fragment (Santagata et al., 2001) revealed a relatively
surface-exposed binding site for the headgroup fragment
(Figure 1), consistent with the lack of stereospecificity. The re-
quirement for the membrane surface to achieve high-affinity
binding may result from an adjacent loop (marked with an
asterisk in Figure 1) that could insert into the membrane and/or
associate with the apolar/polar interfacial region. Other basic18 Structure 20, January 11, 2012 ª2012 Elsevier Ltd All rights reservpatches on the protein may provide additional membrane inter-
action sites required for high-affinity binding.
C1 Domains
Protein kinase C conserved region 1 (C1) domains, were the
‘‘founder’’ conditional peripheral membrane protein modules.
They are zinc finger-like domains of 50 amino acids (Colo´n-
Gonza´lez and Kazanietz, 2006) with the signature motif:
HX12CX2CX13-14CX2CX4HX2CX7C (H is histidine, C is cysteine,
and X is any other amino acid). Some 87 C1 domains have
been identified in 66 human proteins (Letunic et al., 2009).
‘‘Typical’’ C1 domains bind DAG and phorbol esters, whereas
so called atypical C1 domains share the same structure but do
not bind these targets. The crystal structure of the second
(of 2) C1 domains from PKCd (C1B) bound to phorbol-13-myris-
tate (Zhang et al., 1995) provided important insights into how this
domain binds membranes (Figure 1). In addition to binding the
phorbol ester, the C1 domain inserts a band of hydrophobic
side chains into the apolar milieu of the membrane, as seen in
monolayer insertion studies (Medkova and Cho, 1999). This
mode of binding also places basic residues in the C1 domain
against the membrane surface, likely explaining (at least for
PKCd C1B) why targets are bound most strongly when present
in negatively charged membranes (Colo´n-Gonza´lez and Kaza-
nietz, 2006).
C2 Domains
PKC C2 (for conserved region 2) domains are 130 amino acid
8-stranded antiparallel b sandwich modules (Cho and Stahelin,
2006), not to be confused with the unrelated extracellular discoi-
dinC2 domains (Lemmon, 2008). Some238PKCC2domains are
found across 140 different human proteins (Letunic et al., 2009).
Canonical C2 domains, including the PKCa C2 domain depicted
in Figure 1 (Verdaguer et al., 1999), are Ca2+-dependent phos-
pholipid-binding domains that bind phosphatidylserine. The
binding site involves three key interstrand loops and is acidic in
character rather than basic as in PH, PX, and FYVE domains.
Two Ca2+ ions bind to this site and effectively form a ‘‘bridge’’
between the C2 domain and phosphatidylserine in the mem-
brane (Cho and Stahelin, 2006). The binding characteristics and
specificities of C2 domains vary widely. Some have also been
reported to bind selectively to phosphoinositides (Sa´nchez-
Bautista et al., 2006), through a basic site that is adjacent to
the region that binds Ca2+ and phosphatidylserine (see below).Searching for New Phospholipid-Binding Domains
and New Specificities
As our understanding of the domains in Figure 1 has developed,
many groups have sought additional domains thatmight function
as effectors for lipids with no current binding partner, or which
might explain other lipid-regulated cellular phenomena. A variety
of approaches have been employed, from screening yeast
proteome microarrays for phosphoinositide binders (Zhu et al.,
2001) to mass spectrometric identification of proteins that
bind immobilized phosphoinositides (Catimel et al., 2008, 2009;
Dixonet al., 2011), screening candidate proteinswith lipid overlay
assays (Dippold et al., 2009; Gallego et al., 2010), and others
(Lewis et al., 2011). In parallel, genetic approaches have sought
effectors for certain lipids, and functionally driven investigations
have uncovered additional potential phosphoinositide ored
phospholipid-binding domains, examples of which are summa-
rized here.
Contrary to most expectations, few examples of new phos-
phoinositide specificities have been found that are not included
in the domain descriptions above. Moreover, it is interesting
that rather few clear new classes of globular phospholipid-
binding domain have emerged from these studies. Analyses of
PtdIns(4,5)P2 and PtdIns(3,5)P2 interactomes (Catimel et al.,
2008) identified proteins with HEAT repeats as the only potential
new class of phosphoinositide-binding domains, although these
are structurally related to the ENTH domain shown in Figure 1
(De Camilli et al., 2002). Other interactors included b-arrestin,
already known to bind inositol phosphates (Milano et al., 2006),
actin regulatory proteins, and several small GTPases.
Domains with Selectivity for PtdIns5P, PtdIns4P, and
PtdIns(3,5)P2
Numerous studies have sought domains that selectively recog-
nize PtdIns4P, PtdIns5P, or PtdIns(3,5)P2, which all lack the
required pair of vicinal phosphates recognized by ‘‘canonical’’-
specific PH domains (Figure 2). Specific recognition of PtdIns3P,
which also lacks this vicinal phosphate pair, involves distinct sets
of modules (PX and FYVE domains). With the caveat that poten-
tial ‘‘leads’’ in the reported interactomes have not yet been fully
analyzed, we summarize below the status of specific binders or
effectors for PtdIns4P, PtdIns5P, and PtdIns(3,5)P2.
PtdIns4P
There has been some confusion over the existence of PtdIns4P-
specific PH domains. The PH domain from FAPP1 (phosphati-
dylinositol-four-phosphate adaptor protein-1) was reported to
bind PtdIns4P selectively in lipid-overlay studies (Dowler et al.,
2000). However, PtdIns4P specificity is not evident in studies
of lipid vesicle binding for FAPP1-PH or the related PH domains
from oxysterol binding protein (OSBP), Osh1p, and Osh2p
(Lenoir et al., 2010; Levine and Munro, 2002; Stahelin et al.,
2007; Yu et al., 2004), suggesting that the apparent specificity
was an artifact of the lipid-overlay method. These PH domains
do all bind PtdIns4P, but they also bind PtdIns(4,5)P2, PtdIns3P,
and other phosphoinositides with the same affinity. Nonethe-
less, these PH domains all show specific Golgi localization
that depends on PtdIns4P production (Godi et al., 2004; Levine
and Munro, 2002; Stefan et al., 2002). It is now clear that Golgi
localization does not result from the inherent PtdIns4P-binding
selectivity of these PH domains per se: they are not useful
as specific intracellular ‘‘probes’’ for PtdIns4P. Rather, as
discussed below for other examples, these PH domains simul-
taneously recognize two targets, a phosphoinositide and the
small G protein Arf1 (Godi et al., 2004; Levine and Munro,
2002). The dependence of FAPP1/OSBP/Osh PH domain Golgi
localization on PtdIns4P production (rather than other phos-
phoinositides) reflects the predominance of this lipid in the Golgi
(alongside Arf1) rather than its selective recognition by the PH
domains.
A novel PtdIns4P-specific protein with no previously recog-
nized phosphoinositide-binding domains was recently identified
in a lipid overlay-based screen of proteins from Drosophila mel-
anogaster (Dippold et al., 2009). This was the Golgi-localized
protein GOLPH3/GMx33/GPP34/MIDAS, for which the precise
functions are not yet clear. Unlike the PH domains mentionedStrucabove, PtdIns4P specificity of GOLPH3 is retained in membrane
binding studies. Its S. cerevisiae homolog Vps74p shows clearer
selectivity, binding modestly to PtdIns4P-containing mem-
branes (KD = 8.9 mM) but not to those containing equivalent
amounts of other phosphoinositides (Wood et al., 2009). Crystal
structures of Vps74p and GOLPH3 (Schmitz et al., 2008; Wood
et al., 2009) revealed a globular domain with a 4 helix bundle at
its core, surrounded by a series of amphipathic helices that are
almost perpendicular to this bundle (Figure 3A). Although no
PtdIns4P was included in the crystals, a bound sulfate ion was
seen in a conserved basic site inGOLPH3, adjacent to a b-hairpin
that may insert into the membrane (Wood et al., 2009). The
importance of this basic ‘‘pocket’’ for phosphoinositide binding
was established by mutational analysis. Intriguingly, these
studies suggest that specific PtdIns4P recognition is associated
with a completely different structural scaffold from those
described above: one that has presumably emerged indepen-
dently of domains that specifically recognize PtdIns3P (PX and
FYVE domains) or phosphoinositides with vicinal phosphates
(PH domains).
Another domain with specificity for PtdIns4P is the P4M
domain from the Legionella pneumophila DrrA/SidM protein,
involved in redirecting membrane trafficking within infected
host cells (Schoebel et al., 2010). A crystal structure of a
DrrA/SidM fragment containing the GEF and P4M domains
revealed that the 100 amino acid P4M domain is a helical
bundle (Figure 3B) with two sulfate ions bound close to the
tips of its three central helices, in a positively charged pocket
(Schoebel et al., 2010). The distance between these two
bound sulfates is the same as that between the 1- and
4-phosphates in PtdIns4P. Thus, just as the distance between
two anion-binding sites in PH domains (Figure 2) appears to
define selectivity for phosphoinositides with a pair of vicinal
phosphates, the precise disposition of two anion-binding sites
in the DrrA/SidM P4M domain may define its distinct selectivity
(and high affinity) for PtdIns4P.
PtdIns5P
The functions of PtdIns5P remain unclear. There is evidence that
it plays a role in regulating intracellular trafficking, and infection
by several intracellular pathogens causes elevation of host
PtdIns5P levels and altered endosomal trafficking (Ramel et al.,
2011). The C-terminal region of the tumor suppressor ING2,
which contains a PHD (plant homeodomain) zinc finger, was
reported to bind nuclear PtdIns5P (Gozani et al., 2003). However,
PHD fingers have since been shown to function as ‘‘readers’’ of
the methylation state of lysines and arginines in the histone H3
amino terminus (Sanchez and Zhou, 2011). The only structural
data on PtdIns5P binding by a PHD finger (Huang et al., 2007)
indicate very weak binding (KD in the millimolar range by NMR),
leaving their status as phosphoinositide-binding domains
unconvincing.
PtdIns(3,5)P2
Efforts to identify PtdIns(3,5)P2-specific binding domains have
also yielded fewer potential targets than initially expected
(Dove et al., 2009). The PROPPINs represent the most con-
vincing candidates (Michell et al., 2006), predicted b-propeller
proteins that include Atg18p from S. cerevisiae and mammalian
WIPI proteins. Atg18p shows clear selectivity for PtdIns(3,5)P2-
containing membranes in vitro, whereas some of its homologsture 20, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 19
Figure 3. Recent Additions to the List of
Phospholipid-Binding Domains
Structures of newly reported phospholipid-
binding domains are shown in cartoon represen-
tation (left); in surface representation (middle)
colored according to electrostatic potential (blue is
positive, red is negative); and with a closeup view
of the proposed lipid or anion binding sites (right).
(A) The helical GOLPH3 protein (Wood et al.,
2009), from PDB entry 3KN1. A sulfate ion lies in
the basic patch implicated in PtdIns4P binding.
(B) The P4M PtdIns4P-binding domain of the
Legionella pneumophila SidM protein, from PDB
entry 3N6O, which also includes an adjacent GEF
domain that is not shown (Schoebel et al., 2010).
Two bound sulfate ions are marked.
(C) The uncomplexed Dock Homology Region-1
(DHR-1) domain (Premkumar et al., 2010) from
PDB entry 3L4C.
(D) The KA1 domain from the S. cerevisiae Kcc4p
kinase (Moravcevic et al., 2010) from PDB entry
3OST, which has two primary regions of positive
charge on its surface that contribute to nonspe-
cific association with negatively charged mem-
brane surfaces, each with a bound sulfate ion.in yeast and mammals also appear to bind PtdIns3P. No
structural characterization of PtdIns(3,5)P2 binding to any of
the PROPPINs has yet been reported, but mutational analyses
suggest that the PtdIns(3,5)P2 headgroup binds to the center
of the b-propeller. Interestingly, a general repressor of transcrip-
tion in S. cerevisiae called Tup1 was also reported to bind
PtdIns(3,5)P2 through its b-propeller region (Han and Emr,
2011), which is among the closest sequence relatives of
Atg18p. This study also reported lipid overlay studies suggesting
that the PHD finger-containing Cti6p protein can bind PtdIns(3,5)20 Structure 20, January 11, 2012 ª2012 Elsevier Ltd All rights reservedP2. It is intriguing that themost convincing
PtdIns(3,5)P2 effector (Atg18p) has yet
another structural scaffold, distinct from
domains that recognize PtdIns3P (PX
and FYVE), PtdIns4P (the helical
Vps74p) or phosphoinositides with vicinal
phosphates (PH domains).
Newly Identified Domains that Bind
PI3K Products
Since the discovery that several PH
domains bind lipid second messenger
products of PI3K, a great deal of effort
has been expended to identify the whole
complement of ‘‘effector domains’’ for
these lipids. Several have been discussed
above. These studies have defined
sophisticated sequenceprofiles for identi-
fying PHdomains that bind PI3K products
(Lietzke et al., 2000; Park et al., 2008), new
potential effectors such as IQGAP (Dixon
et al., 2011), and many other potential
effectors that have still to be evaluated.
In parallel, numerous studies have
focused on proteins known from other
approaches to be likely PtdIns(3,4,5)P2/PtdIns(3,4)P2 effectors, and have askedwhichof their constituent
domains are responsible for phosphoinositide binding.
DHR-1 Domain
One example is the Dock Homology Region-1, or DHR-1
domain, required for targeting Dock1 family Rho family guanine
nucleotide exchange factors to PtdIns(3,4,5)P3-containing
membranes. A crystal structure of the Dock180 DHR-1 domain
(Premkumar et al., 2010) revealed that it is a C2 domain with
several additional large insertions (Figure 3C). DHR1 binding
to PtdIns(3,4,5)P3 is Ca
2+-independent, of modest affinity
(KD 3 mM), but is not substantially stronger than binding to
PtdIns(4,5)P2 in vitro. A combination of modeling and mutational
studies suggested that the phosphoinositide binding site lies in
the same region of the C2 domain as the phosphatidylserine
binding site in classical C2 domains (Premkumar et al., 2010),
but is defined by a series of basic side chains (as in PH domains)
by contrast with the Ca2+ binding site in classical C2 domains.
A Phosphoinositide-Binding Site in Inositol
Pyrophosphate Kinases
Studies of inositol pyrophosphate kinases called PPIP5Ks
have identified another interesting phosphoinositide binding
site in which the same b1/b2 loop sequence motif from PH
domains (Figure 2) that predicts PI3K product binding appears
to have been ‘‘spliced’’ into an acid phosphatase-like domain
within the protein (Gokhale et al., 2011). Although this phosphoi-
nositide-binding domain has not yet been characterized
structurally, specificity studies indicate that it recognizes vicinal
phosphate pairs, perhaps in a manner similar to that seen for PH
domains in Figure 2.
The SYLF Domain
Although not yet structurally characterized, the so-called SYLF
domain (for the names of the proteins that contain it: SH3YL1,
Ysc84p/Lsb4p, Lsb3p, and plant FYVE proteins) has also been
proposed as a novel phosphoinositide-binding domain (Hase-
gawa et al., 2011). This 230 amino acid domain appears to
bind equally well to liposomes containing PtdIns(3,4,5)P3,
PtdIns(4,5)P2, or PtdIns(3,5)P2, and requires an amphipathic
N-terminal helical region to do so.
The BATS Domain
The80 amino acid BATS domain (for Barkor/Atg14(L) autopha-
gosome targeting sequence) is found at the C terminus of the
autophagic adaptor protein Barkor/Atg14. Although not well
characterized, the BATS domain appears to bind both
PtdIns(4,5)P2 and PtdIns3P, specifically preferring high-curva-
ture membranes containing PtdIns3P utilizing a C-terminal
amphipathic helix (Fan et al., 2011).
New PtdIns(4,5)P2-Binding Proteins: Headgroup
Recognition or Polyanion Binding?
Since PtdIns(4,5)P2 is more abundant than other phosphoinositi-
des and is among the most highly charged phospholipids, spec-
ificity constraints on its effector proteins are less stringent than
for domains that must specifically recognize the much less
abundant PI3K products. Accordingly, many PtdIns(4,5)P2-
binding domains and proteins appear quite promiscuous when
their phosphoinositide-binding specificity is interrogated. Many
are unstructured clusters of basic residues, to which readers
are directed elsewhere for excellent reviews (McLaughlin and
Murray, 2005). Several others are globular domains that also
have protein binding partners, and have been found to bind
PtdIns(4,5)P2 in the course of functional studies. Examples
include FERM domains (Frame et al., 2010), PDZ domains (Gal-
lardo et al., 2010), PTB domains (DiNitto and Lambright, 2006),
the AP180 N-terminal homology (or ANTH) domain (Ford et al.,
2001), the amino-terminal part of the AP2 a subunit (Collins
et al., 2002), and arrestin (Milano et al., 2006). In several cases,
crystal structures have been determined in complex with short-
chain phosphoinositides or headgroups. A characteristic shared
by many of these proteins is that their phosphoinositide-bindingStrucsite simply comprises a set of basic sidechains that create aposi-
tively charged surface ‘‘patch,’’ contrasting with the well-defined
basic pockets seen for the binding sites of domains that specifi-
cally recognize particular phosphoinositide isomers. Figure 4
illustrates this contrast. Whereas the PtdIns(4,5)P2 headgroup
projects into a well-defined pocket in the specific PLCd1 PH
domain, it simply abuts the surface of the spectrin PH domain
(which binds all PtdInsP2 isomers with similar affinities). Similarly,
whereas the relatively specific ENTH domain has a well-defined
PtdIns(4,5)P2-binding pocket, the structurally analogous ANTH
domain uses a surface-lying basic patch for its promiscuous
phosphoinositide binding (Ford et al., 2001). Nonspecific, elec-
trostatically driven, binding of inositol phosphates to similar basic
patches is also seen in the a subunit of AP2 (Collins et al., 2002)
and arrestin-2 (Milano et al., 2006) as illustrated in Figure 4.
Phospholipid-Binding Domains that Recognize General
Features of the Membrane
Membrane association driven by nonspecific, delocalized elec-
trostatic attraction appears to be relevant for a growing number
of conditional peripheral membrane proteins. Domains in these
proteins may act as sensors of membrane charge and/or curva-
ture to fulfill their important biological roles. The cytoplasmic face
of the plasma membrane is the most negatively charged mem-
brane surface in mammalian cells, by virtue of its PtdIns(4,5)P2
and phosphatidylserine content. Studies employing cationic
surface charge probes have shown that this surface charge
is reduced to different extents in distinct endomembranes,
depending on their phosphatidylserine content (Yeung et al.,
2008). Membrane binding domains in cellular proteins that
effectively sense surface charge will therefore interact most
strongly with the plasma membrane, although some association
will be seen with endosomes and lysosomes. The kinase-
associated domain-1, or KA1 domain, recently identified as a
phospholipid-binding domain by our laboratory (Moravcevic
et al., 2010), epitomizes such membrane ‘‘charge sensors.’’
KA1 domains are found at the C terminus of several kinases
from yeast to mammals, including the human MARK kinases.
Analysis of phospholipid-binding specificity in vitro and in vivo
revealed that KA1 domains do not distinguish between different
anionic phospholipids. KA1 domains contain two interacting
a helices that lie on the concave surface of a four-stranded
b sheet (Figure 3D). One or two well-defined positively charged
regions are found on the surface of KA1 domains with known
structure, and were shown in mutational studies to be respon-
sible for binding negatively charged membranes (Moravcevic
et al., 2010). In the case of yeast septin-associated kinases,
the KA1 domain cooperates with adjacent domains to drive the
protein to membranes that also contain a second binding
partner. A combination of the KA1 domain and an adjacent
low-affinity septin-binding domain, for example, can specifically
target the kinase to septins only when they are assembled at the
membrane surface, in a form of coincidence detection.
Members of an interesting group of conditional peripheral
membrane proteins or domains, the BAR domain (Bin/Amphi-
physin/Rvs) superfamily, are thought to promote or sense
membrane curvature, another general membrane property.
There are three main groups of domains in this superfamily:
N-BAR, F-BAR, and I-BAR domains (Figure 5). The groups shareture 20, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 21
Figure 4. Comparison of Specific and Nonspecific
Phosphoinositide Binding Domains
The well defined specific pockets in which Ins(1,4,5)P3
binds to PLCd-PH (Ferguson et al., 1995) and the epsin
ENTH domain (Ford et al., 2002) are contrasted with the
surface-lying and solvent-exposed locations of the pro-
miscuous inositol phosphate binding sites on the spectrin
PH domain (Hyvo¨nen et al., 1995), the AP180 ANTH
domain (Ford et al., 2001), the a subunit of the endocytic
AP2 adaptor (residues 9-185 of PDB entry 2VGL are
shown) (Collins et al., 2002) and arrestin-2 (Milano et al.,
2006). Cartoon representations of each domain are
shown, from PDB entries 1MAI (PLCd-PH/Ins(1,4,5)P3),
1H0A (ENTH/Ins(1,4,5)P3), 1BTN (spectrin-PH/Ins(1,4,5)
P3), 1HFA (ANTH/PtdIns(4,5)P2 headgroup), 2VGL (AP2
a subunit/InsP6), and 1ZSH (arrestin-2/InsP6). Above these
representations is a closeup view in surface representa-
tion (colored by potential as in Figure 3) of the inositol
phosphate-binding site.relatively little sequence identity with one another, but all form
extended dimeric helical bundles that are characteristically
‘‘banana-shaped’’ (Qualmann et al., 2011). The degree of curva-
ture defined by the long axis of the dimer varies from group to
group (and within groups) and is believed to determine the
degree and direction of membrane curvature that is sensed or
induced upon binding. The N-BAR domains promote a higher
degree of curvature than F-BAR domains as indicated in
Figure 5A, and the I-BAR domain is thought to promote a small
degree of negative curvature. The BAR superfamily has been
recently well reviewed (Antonny, 2011; Qualmann et al., 2011),
so functional details will not be discussed here. However, this
is a family of proteins that combines delocalized electrostatic
attraction with geometric definition. The membrane-binding22 Structure 20, January 11, 2012 ª2012 Elsevier Ltd All rights reservedface of eachBAR family protein contains a series
of positively charged patches (Figure 5B), and
the basic residues within these patches have
been shown by mutational studies to be impor-
tant for membrane association. The multiple
basic patches, which each represent a weak
binding site, can only cooperate with one
another in binding to the membrane surface if
the geometry of the membrane conforms to
that of the protein, i.e., becomes curved. In
addition, some domains in the family insert
amphipathic helices into the membrane to
promote curvature (Qualmann et al., 2011). In
isolation, BAR family domains can tubulate
membranes (Frost et al., 2009), which may be
important for their function. In cells, it has
been suggested that the progressive recruit-
ment of distinct BAR family proteins that induce
different degrees of curvature may play an
important role in driving budding and vesicula-
tion in processes such as endocytosis (Qual-
mann et al., 2011); the different proteins selec-
tively stabilizing successive intermediates in
the process. The selectivity of their recruitment
could be defined in part by the adjacent PX,
PH, SH3, or other domains that are frequently
found adjacent to BAR family domains.Emerging studies of the endosomal sorting complexes
required for transport (or ESCRTs) suggest that similar principles
may also define the ability of this complex machinery to drive
membrane budding away from the cytosol (Hurley and Hanson,
2010). Like BAR family proteins, key components of ESCRT-III
are helical proteins with extended basic surfaces, which undergo
a tightly controlled assembly/disassembly cycle to drive
processes such as the formation of multivesicular bodies, HIV
budding, and cytokinesis (Henne et al., 2011).
Coincidence Detection in Binding to the Membrane
Surface
The theme of coincidence detection has recurred several times
during this review. Its occurrence may explain why fewer
Figure 5. The BAR Domain Superfamily
Structures are shown for representatives from the
BAR superfamily: the amphiphysin N-BAR domain
(Peter et al., 2004) from PDB entry 1URU; the
Fbp17 F-BAR domain (Shimada et al., 2007) from
PDB entry 2EFL; and the IRSp53/missing-in-
metastasis I-BAR domain (Millard et al., 2005) from
PDB entry 1Y2O. Two orientations are shown in
both cartoon and surface representation (with
electrostatic potential colored as in Figure 3).
(A) The membrane-binding surface is open to the
top of the page, revealing the banana-shape and
the different characteristic curvature of each
domain.
(B) The membrane-binding surface faces the
reader, illustrating the clusters of basic residues
thought to drive binding to the (curved) anionic
membrane surface.domains than expected stereospecifically recognize a single
membrane component such as a phosphoinositide. An inter-
esting study of S. cerevisiae protein-lipid interactions provides
new food for thought in considering PH domains. An earlier pro-
teome-wide study suggested that a surprisingly small fraction
(20%) of S. cerevisiae PH domains bind phosphoinositides
(Yu et al., 2004), and suggested that most PH domains have
alternative binding targets. In a more recent analysis of yeast
phospholipid-binding domains, Gallego et al. (2010) identified
numerous examples that bind sphingolipids, including BAR
family proteins (amphiphysins), as well as 50% of yeast PH
domains. For one of these PH domains (fromSlm1p or Yil105cp),
biochemical and cellular studies showed that efficient mem-
brane targeting specifically requires the presence of both
PtdIns(4,5)P2 and dihydrosphingosine-1-phosphate (DHS-1P)code 3GPE) illustrates how this C2 domain can simultaneously bind phosph
2009).
(F) The structure of the PTB domain from Dab1 (PDB code 1NU2) was solved in c
receptor-2 (ApoER2) and Ins(1,4,5)P3 (Stolt et al., 2003), revealing how coincide
Strucin the membrane. Gallego et al. (2010) determined the Slm1p-
PH crystal structure (Figure 6A) and docked PtdIns(4,5)P2 and
DHS-1P, respectively, into the canonical PH domain binding
site (green) and a second basic pocket (magenta). Mutations in
the predicted DHS-1P binding site impaired membrane target-
ing, consistent with the proposed importance of this site. Intrigu-
ingly, other genetic data in yeast had already identified Slm1p as
a molecular link between phosphoinositide and sphingolipid
signaling (Tabuchi et al., 2006).
Similar modes of coincidence detection, in which a single
domain bindsmore than one target, have been reported for other
modules. As mentioned above, the FAPP1 PH domain and its
relatives bind to both phosphoinositides (using the canonical
PH domain binding site) and Arf1 (Godi et al., 2004; Levine and
Munro, 2002). NMR-based mapping of the Arf1 binding siteFigure 6. Phospholipid-Binding Domains
that Bind Dual Targets
Six phospholipid-binding domains known to
simultaneously bind two targets are shown
in cartoon representation, with their phos-
phoinositide binding site highlighted in green
and the ‘‘other’’ binding site highlighted in
magenta.
(A) The Slm1p PH domain (PDB code 3NSU) binds
both PtdIns(4,5)P2 and dihydrophingosine-1-
phosphate (DHS-1P) through adjacent sites on the
domain (Gallego et al., 2010).
(B) The FAPP1 PH domain (PDB code 2KCJ)
simultaneously binds phosphoinositides and Arf1
through the sites colored in the figure (He et al.,
2011) to drive Golgi localization.
(C) NMR studies of the Sos1 PH domain (Zheng
et al., 1997), shown from PDB entry 1AWE,
confirmed that Ins(1,4,5)P3 bind to the same
region as in other PH domains. An adjacent basic
patch (magenta) was reported to bind phospha-
tidic acid (Zhao et al., 2007).
(D) The PX domain from p47phox (PTB code 1O7K)
was also found to bind both to a phosphoinositide
(PtdIns(3,4)P2, using the canonical PX domain
binding site) and to PA, using a basic patch similar
to that seen in Sos1-PH (Karathanassis et al.,
2002).
(E) A structure of the PKCa C2 domain
bound to a PtdIns(4,5)P2 headgroup (PDB
atidylserine (as in Figure 1) and phosphoinositides (Guerrero-Valero et al.,
omplex with both a 14 residue peptide (yellow) from the tail of apolipoprotein E
nce detection by this domain operates.
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(He et al., 2011) places it adjacent to the phosphoinositide-
binding site, on the outer surface of the b sandwich (Figure 6B).
The two binding sites are structurally independent, underlining
the adaptability of PH domains as binding platforms. Simulta-
neous binding to phosphoinositides and Arf1 drives these PH
domains to the Golgi membrane surface with high affinity. The
PH domain from Sos1 and the PX domain from p47phox have
been reported to use phosphatidic acid (PA) binding to augment
their interactions with membrane phosphoinositides (PtdIns(4,5)
P2 and PtdIns(3,4)P2 respectively). In both cases, the phosphoi-
nositide headgroup binds to the canonical binding site for the
respective domain class (Karathanassis et al., 2002; Zheng
et al., 1997). The Sos1 PH domain and the p47 PX domain
both have a motif of basic residues that has been inferred as
a PA binding site (Karathanassis et al., 2002; Zhao et al., 2007),
as shown in Figures 6C and 6D. Along similar lines, structural
studies have revealed how the PKCa C2 domain can bind simul-
taneously to phosphatidylserine and PtdIns(4,5)P2 (Guerrero-
Valero et al., 2009), and how the PTB domain from disabled-1
can accommodate an NPXY peptide and phosphoinositide
headgroup in separate binding sites (Stolt et al., 2003). As shown
in Figures 6E and 6F, in each case the two binding sites are
disposed so that the single domain can associate with two
targets in the same membrane, allowing coincidence detection.
Coincidence detection of this sort can ensure that signaling
molecules only bind to membrane receptors in the plasma
membrane if PtdIns(4,5)P2 binding is required as part of a multi-
valent interaction. Alternatively, it can allow the integration of
signaling responses, as in the p47phox case, where the PX do-
main will be recruited to the membrane only when PtdIns(3,4)
P2 and PA are simultaneously produced. Many other possible
combinations are possible, and there are many incidences
(including the KA1 domain example mentioned above) where
coincidence is detected by cooperation of two or more distinct
domains in a protein.
Conclusions and Future Directions
Our understanding of membrane surface binding by conditional
peripheral membrane proteins and domains has become
quite sophisticated and extensive over the past two decades.
Although the earliest examples were found to drive specific
univalent recognition of individual membrane components, it is
now clear that these are the exception rather than the norm.
Most conditional peripheral membrane domains bind individual
membrane components with relatively low affinity and speci-
ficity. Membrane-binding strength is enhanced through avidity
effects involving multivalent interactions with several different
membrane components that may be lipids, proteins, or both.
Binding specificity is determined largely by the combination of
components present in a particular membrane and by its phys-
ical properties (charge and curvature), greatly extending the
number of possibilities beyond what would be possible with
recognition of individual constituents alone. Thus, conditional
peripheral membrane proteins can bind selectively to membrane
protein targets in particular cellular membranes, and under
specific signaling conditions, by recognizing them only in certain
lipid contexts. Similarly, with domains that sense (or drive) curva-
ture, specific phospholipids can be recognized only when pre-
sent in membranes undergoing morphological changes (or their
recognition can help drive the morphological changes).24 Structure 20, January 11, 2012 ª2012 Elsevier Ltd All rights reservThe only aspect of membrane binding by conditional periph-
eral membrane proteins that is understood in precise structural
detail is specific headgroup recognition. However, many condi-
tional peripheral membrane proteins penetrate the membrane
surface.Many of the domains also alter lateral distribution of lipid
molecules, or change local membrane curvature. Methods for
monitoring these changes structurally remain crude, and are
largely limited to measurements of extent and depth of penetra-
tion. To fully understand the interplay between binding of condi-
tional peripheral membrane proteins and alterations of the
membranes that they bind, new methods, or new combinations
of methods, will be required. Although subject to significant limi-
tations, approaches that are currently being developed toward
this goal include analysis of single molecule (e.g., PH domain)
diffusion on membrane surfaces with different compositions
(Knight et al., 2010), NMR-based micelle docking studies to
assess lipid interactions (Dancea et al., 2008), and electron
microscopy studies of domain-tubulated membranes (Frost
et al., 2009). However, these studies are only beginning to
scratch the surface of this important problem.
Finally, another consequence of coincidence detection at the
level of the individual domain, and the ability of domains to recog-
nize general properties of membranes, is that we need to think
very carefully about approaches for screening for new domains.
Traditional approaches utilizing immobilized lipid headgroups
are unlikely to be effective, and so are most studies that focus
on individual binding targets (rather than combinations). Clearly,
significant challenges remain in this interesting field.ACKNOWLEDGMENTS
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